increases hospital stay several-fold, and increases acute and long-term mortality to a unconscionable level. [8] [9] [10] A comprehensive program to decrease surgical site infections must include assessment of the potential sources of contamination, including the OR environment.
Pathogens such as Staphylococcus, Clostridium difficile, and Enterococcus can survive on environmental surfaces for months. 11 In intensive care units, multiple studies have shown that previously contaminated patient care rooms increase the transmission risk of infection. [12] [13] [14] Prior cleaning efforts have been primarily directed at achieving shiny floors Figure 1 . Schematic configuration of equipment and staff in a typical cardiac surgery operating theatre: 1, operating table; 2, main gas, vacuum, and electricity supply system; 3, anesthetic machine and monitor; 4, anesthetic equipment cart; 5, echocardiography machine; 6, heating apparatus; 7, personal light system; 8, cardiopulmonary bypass machine; 10, surgical instrument tables; 11, additional monitor; 12, infusions; 13, supply cords; A, anesthetist; S, surgeon; N, nurse. Reprinted with permission from Ofek et al. and dust-free surfaces, and often ignore contaminated but cleanappearing surfaces such as cabinet handles, computer keyboards, telephone handsets, IV poles, and door push plates. These "high-touch objects" have the potential for transmission of infection, but have not been targeted in traditional cleaning approaches. One study demonstrated that only 2.2% of blood-contaminated surfaces in the OR appear to be grossly bloody. 15 The good news is that cleaning and disinfection of potentially infected surfaces can be improved through systematic programming and education, [16] [17] [18] and that such improved cleaning decreases environmental contamination 19, 20 and reduces acquisition of vancomycinresistant Enterococcus.
21,22
The Center for Disease Control has recently published guidelines for environmental infection control in health care facilities, which state that particular attention must be paid to cleaning and disinfection of hightouch surfaces in patient-care areas, and that compliance with cleaning and disinfection procedures by the housekeeping staff should be ensured through monitoring. 23 Key elements of the recommended program include: (1) establishing a program led by an infection preventionists/ epidemiologist; (2) clear definition in the program of responsibilities for cleaning high-touch surfaces; (3) ongoing, objective assessments of thoroughness of surface cleaning (monitoring); (4) structured education of the responsible staff; and (5) use of the objective monitoring program in ongoing educational activity and feedback to the cleaning staff. 23 Proposed methods to achieve monitoring of the effectiveness of cleaning/disinfection include direct observation, swab cultures, agar slide cultures, fluorescent markers, and ATP bioluminescence. 23 The inherent bias in observation and the delay in results from cultures have led to a preference for fluorescent markers and ATP bioluminescence; the primary intent, however, is that effectiveness of cleaning must be monitored in a systematic and ongoing way, and that the monitoring results need to be incorporated into a continuous improvement program for the cleaning staff.
In addition to the CDC recommended practices, the Association of periOperative Registered Nurses have provided extensive recommended practices for environmental cleaning in the perioperative settings, including a comprehensive review of the preferred cleaning agents and techniques to ensure effective kill of the extensive variety of pathogens present. 24 These recommendations include recognition that various pathogens require different disinfectants to be eliminated, such as using bleach to disinfect a room potentially contaminated with C. difficile. A comprehensive presentation is beyond the scope of this review, but these recommendations provide critical information for the concerned clinician. 24 In addition, extensive practice recommendations exist for the disinfection and sterilization of OR equipment.
OR Design
The first ORs were designed as theaters with room for observers, such as the one established in St Thomas' Hospital in 1751. 27 Early surgeries in such theaters included unanesthetized patients, surgeons in frock coats, and instruments and tables made of porous materials (wood). The advent of antisepsis, initiated by Lister in 1867, 28 led to radical changes in OR design, aimed at eliminating infection. ORs and their contents were made of materials that could be easily washed, angles were rounded to eliminate corners that could collect debris, and surgeons began wearing theater gowns and rubber gloves. 29 Modern OR design continues to struggle with the optimal design to prevent patient infection. 29 Standards for surgical attire to prevent introduction of outside contaminants into a surgical wound have been developed and are widely implemented. 24 These standards are continually being tested and revised, such as the complete sterile gowning to reduce central line infection. 30 However, for over 300 years, OR design and space have been somewhat slow to respond to changes in surgical practices. 29, 31 In the last 10 years alone, OR clinicians have experienced an enormous influx of new technologies and machines, creating an overcrowded environment around the patient and OR table. 32 Formal guidelines for the design of ORs to reduce surgical infection have been published 33 ; unfortunately, there is a lack of hard scientific data to support best practices, and implementation of best principles may not demonstrate improvements in surgical site infections. 34 OR ventilation and air flow has been studied extensively, and it is clear that ventilation is related to the risk for sternal wound infections. 35 Whichever the choice of ventilation design (laminar airflow, ultraclean laminar airflow, and mobile zoned/exponential laminar air flow), [36] [37] [38] [39] the designer must take into account the effect airflow has on the reduction in patient temperature. Decreases in patient temperature have a clear, direct relationship to the incidence of surgical wound infections. 40 The use of ultraviolet light has been proposed to reduce the rate of infection in orthopedic procedures, [41] [42] [43] but has not been studied in cardiac surgery. Automated ultraviolet radiation devices have been shown to reduce C. difficile spores, decrease vancomycin-resistant Enterococcus by >3 to 4 log 10 colony-forming units (CFU), and methicillin-resistant Staphylococcus aureus by >2 to 3 log 10 CFUs in hospital rooms. 44 The use of ultraviolet light is particularly effective in reducing contamination of hard to reach areas, such as the undersurfaces of tables. 44 These devices have not yet been tested in cardiac ORs but offer significant promise.
A higher frequency of door openings has been shown to decrease the effectiveness of the ventilation system to clear potential contaminants. 45 In noncardiac surgery, studies have found the average number of door openings per hour to range from 37 to 56. [45] [46] [47] Cardiac OR "traffic"-that is, the movement of people in and out of the OR-is very high, with a mean frequency of door openings at 92.9 per case, with 19.2 door openings per hour. 48 In cases involving the implantation of prosthetic materials, the rate increased to 22.8 openings per hour, equating to an average period of 6.4 minutes of every hour with the door open. 48 Lynch et al 46 found that approximately 20% of OR traffic occurs as a result of the staff requesting information, 25% is related to entering or leaving for breaks, and 20% is accounted for delivery or retrieval of equipment. Staff from outside the sterile area are responsible for 37% to 50% of all OR traffic. 46 Microbiology counts have been shown to increase significantly when the door was left open to the hallway. 49 The addition of 5 OR personnel further increased the microbiological counts by >15-fold. It is, therefore, important that traffic be regulated within the OR as much as possible to restrict the movement of airborne contaminants that may be shed by people and associated objects. Although it may not be reasonable to limit the number of personnel in the ORs, traffic can be reduced by ensuring that all required equipment is in the OR at the beginning of the procedure, and by having staff requesting information do this by telephone rather than by entering the room.
'

Environmental Cleanliness-Free From Distractions
Disruptions and distractions in cardiac surgery are related to technical errors, and to patient outcomes. [50] [51] [52] Poor room ergonomics have been considered by many to be one of the major factors in procedure flow disruptions. 31, 32 In cardiac surgery, approximately 11% of flow disruptions are attributable to equipment-related problems. 52 In the OR, there are complex interactions between humans and machines, such as those between the anesthesiologists and the anesthesia delivery machine, or between the perfusionist and the cardiopulmonary bypass machine. As technology has advanced, the focus has been on creating mechanical efficiency and biocompatibility with little emphasis placed upon the impact of design on human error. Wiegman et al 53 characterized these design shortcomings for cardiopulmonary bypass machines: information is poorly presented to the perfusionist, the information displays suffer from problems with placement, legibility and format, components are poorly integrated into the machine, and space design and placement of the components is not ideal. It is no surprise that equipment-related disruptions persist in the presence of a wellorchestrated preoperative briefing. 54, 55 OR design is critical to other aspects of both patient safety and worker safety. Careful planning must ensure that the floor is clear and free of hazards. Same-level slips, trips, and falls are the second leading cause of workplace injury, including tripping hazards such as cords and cables, low-profile equipment and supplies, and protective and absorptive mats. 56 The "spaghetti syndrome," a phenomenon with which the presence of cluttered equipment and entangled lines obstruct clinicians from safely reaching the patient, must be avoided. 57, 58 In more contemporary ORs, the use of ceiling-mounted booms has been reported to greatly reduce the number of cords and cables that are strung across high traffic areas of the floor. 59, 60 '
Environmental Cleanliness-Free From Noise Pollution
Communication between cardiac surgical team members is critical for patient care. However, these conversations, important and otherwise, combined with alarms, doors opening and closing, HVAC systems, and, depending upon the culture, music, can result in noise levels in the OR that can be deafening. 61 In fact, the noise level in ORs can become dangerous to the hearing of both patients and physicians, exceeding both Occupational Safety and Health Administration and National Institute for Occupational Safety and Health standards. 62 The noise level can have direct impact on patient outcomes. 63, 64 Higher sound levels have been shown to be correlated with subsequent surgical site infections, 64 and with increases in medical errors. 65 One of the most troublesome contributors to OR noise is alarms generated from machinery. 66 Alarms are designed to make the operator aware of conditions that are outside of a predetermined norm, but false alarms frequently occur and only a few alarms provide useful information to the practitioners. Schmid et al 67 report that 359 alarms occur per cardiac surgery procedure, at 1.2 per minute. Up to 80% to 90% of all alarms are false positives or have no therapeutic effect, desensitizing staff to true alarms. 68 A typical cardiothoracic OR can have 18 different alarms providing a mix of visual and audio alerts. 69 A common theme throughout much of the OR, alarms were found to be too soft, too loud, or have inappropriate tonality. 70, 71 One study analyzed 731 warnings generated by a statistical disturbance algorithm during cardiac surgery by linking them to the response of the anesthesiologist. Of these alerts, only 7% were useful, 13% followed an intervention, and could have been predicted and eliminated. 69 Appropriate integration of electronic medical records and anesthesia and surgical instrumentation could curtail alarm fatigue and the alarm-related distractions. Three key areas of much needed research include: (1) system design for the seamless integration of academic prototypes into clinical practice; (2) integration of various types of medical domain knowledge into comprehensive physiological and disease models; and (3) development of advanced algorithms to use this domain knowledge for high sensitivity and specificity alerts. 69 Although music has been shown to reduce stress and improve staff performance in some studies, 72 it has been shown to have a detrimental effect on surgical performance of novice laparoscopic surgeons. 73 Twenty-five percent of surveyed anesthesiologists felt that OR music reduced their ability to communicate effectively with other staff. 74 Music that is pleasing and helpful for one practitioner might be distracting to other OR personnel. 75 Any additional noise generated in the OR site, even from perceived pleasant music, has the capability of interrupting care to the patient.
It has been suggested that the "sterile cockpit" approach be implemented in cardiac ORs. 76 However, each team (anesthesia, nursing, and perfusion) has a different cognitive workload at different times during a case, making the definition of the sterile cockpit in the eye of the beholder (Fig. 2) . 77 Wadhera and colleagues propose a rather practical solution of structured conversations at key parts in the operation (ACT check, cannulation, initiation from CPB, separation from CPB, etc.) rather than eliminating conversation altogether. These structured communications can take the form of a checklist used at each stage such that all required steps are verbally noted; structured communication can also include the use of unambiguous statements such as "we are at full flow at 3.5 liters per minute" rather than "at full flow."
'
Conclusions
Environmental pollution from contaminants, noise, and distractions is clearly related to patient outcome and impacts patient safety. The optimal OR design must not only incorporate best practices to reduce environmental contamination (air flow and room cleaning practices), but also must consider optimal placement of equipment, and recognition that traffic patterns are critical to patient safety. The presence and flux of personnel in an OR is an unavoidable part of surgery, but, while essential, increased numbers and movement of personnel are detrimental, increasing surgical site infections and disruptions. Consideration and regulation of foot traffic is important for reduction in surgical site infection, and for minimizing unnecessary communication that can disturb the flow of operative procedures and predispose to errors.
Finally, surgical equipment design needs to incorporate best ergonomic principles to reduce the potential harm associated with its use. Careful attention to use of alerts and alarms to provide critical information without unnecessary noise, distractions, and disruptions is key. Incorporation of electronic information systems to synthesize and analyze the vast array of data associated with cardiac surgery can enhance team communication and improve patient safety, but requires more research to identify best design and implementation strategies. 
